The pathogenesis of paradoxical hypertension after resection of coarctation of the aorta was investigated by comparing the course of seven children undergoing repair of coarctation with five acyanotic children undergoing elective cardiovascular surgery. During the first 24 hours after surgery, all coarctation patients demonstrated a rise in systolic blood pressure (35 ± 15.5 mm Hg; P < 0.001), a significant depression in cold pressor test response, and only a slight elevation in plasma renin activity. In the next 24-72 hours, coarctation patients developed a rise in diastolic blood pres-
SUMMARY The pathogenesis of paradoxical hypertension after resection of coarctation of the aorta was investigated by comparing the course of seven children undergoing repair of coarctation with five acyanotic children undergoing elective cardiovascular surgery. During the first 24 hours after surgery, all coarctation patients demonstrated a rise in systolic blood pressure (35 ± 15.5 mm Hg; P < 0.001), a significant depression in cold pressor test response, and only a slight elevation in plasma renin activity. In the next 24-72 hours, coarctation patients developed a rise in diastolic blood pres-PARADOXICAL HYPERTENSION after surgical resection of coarctation of the aorta is a well recognized phenomenon.1-3 Sealy' has documented two separate components to the hypertension: the first, a marked elevation of predominantly systolic pressure occurring within the first 12 to 24 hours after surgery; and the second, primarily an elevation of diastolic pressure occurring two to three days after surgery. The second response is usually transient and self-limited but occasionally the hypertension may be of long duration4`8 and life threatening.' The pathogenesis of the paradoxical hypertension is incompletely understood. Mechanisms invoked to explain the postoperative hypertension in patients with coarctation include increased catecholamine secretion,1' 1' 10 carotid baroreceptor resetting" '3 and increased renin production." 13, 14 Recently, investigators have tried to link the renin angiotensin system (RAS) to both the preoperative hypertension and paradoxical postoperative hypertension in patients with coarctation of the aorta. However, data in the literature are contradictory with regard to the role of RAS. No controlled studies have been performed in the immediate postoperative period and only an isolated case and three late postoperative studies have been reported. '3 14 The present investigation was undertaken to clarify the mechanism of paradoxical postoperative hypertension so that a more rational treatment regimen may be developed and the lethal and severe consequences of the hypertension prevented.
Methods and Procedures
Seven children scheduled for elective repair of coarctation of the aorta constituted the experimental group. Only patients without prior cardiovascular surgery, renal abnormalities, or other major cardiac malformations were included. The patients ranged in age from 7 to 14 years (mean 9.2). Five acyanotic patients, aged 3.5 to 16.5 years (mean 9.2), undergoing other types of cardiovascular surgery were used as a control group (table 1) . Informed consent was obtained from all patients. No patient was denied any medica-sure (26.8 ± 10.6 mm Hg; P < 0.001), plasma renin activity (22.9 ± 10.2/ml/hr; P < 0.001) and fluid retention. By contrast, control patients had no significant postoperative changes. Abdominal pain occurred in five coarctation patients during the period of maximal plasma renin activity. The data suggest that the sympathetic nervous system may be responsible for the initial phase of hypertension after coarctation resection and that the renin angiotension system plays a major role in the second phase of hypertension and in the pathogenesis of mesenteric arteritis. tion or care that was felt to be necessary for his well being, including antihypertensive medication. All patients received Keflin and analgesic doses of morphine sulfate after surgery. Five of the coarctation patients were treated with antihypertensive drugs during the postoperative period (table 1) .
Preoperatively, patients with coarctation of the aorta, in addition to routine preparation, were placed on a regular hospital diet containing between 60-90 mEq of sodium per day for at least two days. Fluid intake and output was carefully recorded. Each patient had resting right arm and right leg blood pressure measured by cuff, and heart rate obtained by auscultation, at least twice a day. A 24 hour urine specimen was collected for sodium and potassium determination, blood sample obtained for plasma renin activity (PRA), and cold pressor tests'8 performed. Plasma volumes were measured in five patients (1,3,4,6,7; table 2).
Postoperatively, fluid intake and output and sodium balance were carefully monitored. Patients received between 40-100 mEq sodium. All patients had a daily cold pressor test, 24 hour urine collections for sodium and potassium determinations, and serial blood samples for PRA determination. Plasma volumes were measured at intervals shown in table 2. Resting, supine blood pressure was obtained at least four times a day.
Patients serving as the control group were followed with the same protocol as the coarctation patients with the exception that none of the control patients had plasma volume measurement.
Plasma renin activity was measured in 5 ml of blood withdrawn from an antecubital vein in the recumbent position between 7 and 8:30 a.m. PRA was assayed by the radioimmunoassay of Haber et al. 19 Normal values at our laboratory are 3.1 ± 0.8 ng/ml/hr. Plasma volume was measured by indicator dilution technique using 1251.20, 1 Serum and urinary sodium and potassium were determined with an Instrumentation Laboratory Flame Photometer. The cold pressor test consisted of placing the patient's hands in ice water for 60 seconds while supine and then determining blood pressure.'8 All blood pressure measurements were obtained by cuff in the right arm while supine and resting in accordance with the criteria set by the American Heart Association. 22 The results were analyzed using standard statistical equations. All tests for significance were based on paired t or group t statistics. Abbreviations: M = male; F = female; Coarct = coarctation of the aorta; ASD = atrial septal defect; PDA = patent ductus arteriosus; Preop = preoperative; Postop = postoperative; i.m. = intramuscular.
Results
The clinical data and results on the patients with coarctation and controls are summarized in table 1 and figure 1. Preoperatively, comparison between the coarctation and control group demonstrated a significant difference in upper extremity systolic (P < 0.001) and diastolic (P < 0.001) blood pressure. All other values, including PRA, urinary sodium excretion and response to cold pressor test, were not significantly different between the two groups.
All patients with coarctation were hypertensive preoperatively and demonstrated paradoxical hypertension postoperatively ( fig. 1 ). During the first 24 hours after surgery, there was systolic hypertension, marked depression in cold pressor response and only slight elevation in PRA.
Mean rise in systolic blood pressure was 35 ± 15.5 mm Hg (mean ± SD) (paired t-test; P < 0.001); mean decrease in cold pressor response 13.7 ± 2.1 mm Hg systolic (P < 0.001), 8.2 ± 1.4 diastolic (P < 0.001) and an increase in mean PRA 2.48 ± 2.95 ng/ml/hr (NS). Control patients were normotensive preoperatively. Postoperatively, they experienced no significant change in systolic blood pressure (5.6 ± 5.1 mm Hg; NS), a small increase in plasma renin activity (2.5 ± 2.9 ng/ml/hr; P < 0.05), and a slight depression in cold pressor response (systolic 3.4 ± 1.6 mm Hg; P < 0.02), (diastolic, 2.4 ± 0.9 mm Hg; P < 0.01) (table 2) .
During the next few days, the coarctation group developed significant diastolic hypertension, a marked rise in PRA, gradual return of cold pressor response, and a significant depression in sodium excretion. On comparison to preoperative levels, during the second phase (day 2 to 4) mean rise in diastolic arterial pressure was 26.8 ± 10.6 mm Hg (P < 0.001), increase in PRA was 22.97 + 10.2 ng/ml/hr (P < 0.001) and decrease in sodium excretion was 65.1 ± 8.2 mEq/L (P < 0.001). The changes in the patients with coarctation were in marked contrast to the control group which demonstrated no significant mean rise in blood pressure (0 ± 3.1 mm Hg), PRA (0.72 ± 1.09 ng/ml/hr) or decreased cold pressor response and only mild sodium retention for 24-48 hours following surgery 31.6 ± 10.5 mEq/L (P < 0.001) ( fig. 1 ). At discharge from the hospital (day 6 to 8), all values in both groups had nearly returned to normal, except for systemic blood pressure which remained mildly Blood pressure (BP) and renin values (PRA) are the maximal obtained during the period. Abbreviations: A = Preoperative Period; B = 6 to 24 hours after surgery; C = 2 to 4 days after surgery; D = at discharge from hospital (day 6 to 7); PV = plasma volume. elevated in the patients with coarctation. Patient 3 had a mild residual coarctation (table 1) . Comparison between the experimental and control group showed a significant difference in the postoperative response of systolic blood pressure on day 1 (group t-test; P < 0.001); diastolic blood pressure on day 2,3,4 (P < 0.001); PRA on day 1 (P < 0.02), 2 to 4 (P < 0.001); cold pressor response on day 1 (P < 0.001), day 2 to 3 (P < 0.05) and urinary sodium retention on day 2 to 4 (P < 0.001).
Significant gastrointestinal symptoms such as abdominal pain, loss of bowel control, and abdominal tenderness occurred in five of the seven patients with coarctation resec-tion and none of the controls. The abdominal symptoms developed on the second to third postoperative day and lasted 12 to 36 hours. A direct relationship between the duration of abdominal symptoms and peak postoperative PRA level is suggested by the data (table 3) . Figure 2 , a representative example, depicts in greater detail the sequence of events that occurred in the pathogenesis of paradoxical hypertension following aortic coarctation repair in patient 4. In the immediate 12-24 hours following surgery, there was a moderate rise in systolic blood pressure, with a peak pressure recorded of 185 mm Hg. The systolic pressure then gradually fell and at times 384 CI RCULATION dropped to levels below the patient's preoperative level. During the next 24-48 hours following the surgery, there was a moderate and sustained rise in diastolic blood pressure to a peak level of 98 mm Hg. The diastolic hypertension persisted for three to four days following the surgery and then gradually decreased to preoperative levels by the sixth postoperative day. At discharge, the blood pressures, both systolic (135 mm Hg) and diastolic (82 mm Hg) had returned to preoperative level but were still moderately elevated when compared to normal values at this age (102 ± 15 mm Hg systolic; 56 ± 8 mm Hg diastolic). 23 The plasma renin activity was normal preoperatively (1.2 ng/ml/hr) and was only mildly elevated during the first 6-12 hours following surgery. However, a marked increase occurred at 24 hours reaching a peak value of 27.5 ng/ml/hr 48 hours after surgery. There was a gradual decline in PRA over the next four days and by the sixth postoperative day, the PRA had returned to near preoperative levels. A mild to moderate retention of fluid was observed during the first four to five days following surgery. Urinary sodium excretion was markedly reduced from 76 to 11 mEq/day over the first three to four days postoperatively with subsequent gradual return to preoperative levels. Urinary potassium excretion was mildly increased on days two to four. Serum sodium and potassium concentrations remained constant throughout the postoperative period. Measured plasma volume increased from 1600 ml preoperatively to 1760 ml by the sixth postoperative day. In response to a cold pressor test preoperatively, the patient's systolic blood pressure increased 15 mm Hg systolic, and 14 mm Hg diastolic. During the first two days postoperatively, the pressor response was markedly dampened (a rise of 2 mm Hg systolic and 5 mm Hg diastolic) and subsequently gradually returned to near preoperative values. This patient also experienced moderate gastrointestinal symptoms consisting of abdominal pain, loss of bowel sounds, and abdominal tenderness. These symptoms began on the second day and lasted for about 24 hours (table 3) .
Frankson12 have also noted an increase in urinary catecholamines in a variety of surgical patients as well as those with severe burns. Therefore, a causal relationship between the observed elevated urinary catecholamines and the hypertension remains uncertain. Other investigators have explained the initial hypertensive response on resetting of arterial baroreceptors." 13 However, this is speculative and little experimental data exist to substantiate the thesis.
The data presented in this paper strongly suggest an essential role for both the renin angiotensin system and the sympathetic nervous system in the pathogenesis of paradoxical hypertension following surgical resection of coarctation of the aorta. In addition, this is the first controlled study that demonstrates an essential role for the renin 
Discussion
Previous investigators have suggested that paradoxical hypertension after resection of aortic coarctation is due to increased catecholamine secretion, persistently high setting of baroreceptors or possible increase of PRA. Sealy,' Goodall,9 and Verska"0 have demonstrated a significant and prolonged elevation in urinary norepinephrine and epinephrine following coarctation surgery. However, in Verska's10 series, not all patients with elevated catecholamines developed this syndrome. Furthermore, Goodall"1 and Abdominal Pain Days After Surgery FIGURE 2. A graph depicting the postoperative clinical course of a patient with coarctation (No. 4). Note the rise in systolic blood pressure (BP) during the first postoperative day with a more gradual increase in diastolic pressure peaking in day 2 to 4. Cold pressor test (CPT) response is most suppressed at the initialphase. Plasma renin activity (PRA) increases markedly after surgery, reaches a maximum at day 2 to 4, and is accompanied by increased retention of fluid and sodium (Na+). Abdominal pain coincides with peak PRA level.
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VOL 54, No 3, SEPTEMBER 1976 following coarctation repair; however, their values were obtained a week or more after the surgery. This is in agreement with our data since 6/7 patients had a normal PRA by the seventh postoperative day ( fig. 3 ). It is only during the first postoperative week that the PRAs are elevated. After the first week, the PRAs are suppressed by physiologic compensatory mechanisms. The initial postoperative hypertension, predominantly systolic in nature and occurring during the first 24 hours following surgery, was associated with only a small rise in PRA but with a very diminished response to the cold pressor test. The cold pressor test is mediated by activation of the sympathetic nervous system.'8 A dampened cold pressor response suggests that the sympathetic nervous system, already activated in the immediate postoperative period, is not augmented by further stimulation. The diminished cold pressor response, along with the data of Sealy.' Goodall9 and Verska"0 demonstrating elevation of urinary catecholamines following surgical resection of coarctation, suggests that the sympathetic nervous system is the major mediator in the first phase of hypertension after repair of aortic coarctation.
The second phase of the postoperative hypertension is associated with a mild elevation of systolic blood pressure and a moderate and more prolonged elevation of diastolic blood pressure. During this phase, there is a marked rise in PRA and by inference, angiotensin II activity'9 ( fig. 1) . The magnitude and duration of postoperative increase in PRA is unique to coarctation surgery and a similar rise was not observed in the control group (fig. 3 ). The explanation for the observed delay in activation of the renin angiotensin system is not completely clear. The initial increased sympathetic activity and the early fall in systolic blood pressure ( fig. 1 ) are at least temporally related to the rise in PRA and may be responsible for the activation of the renin angiotensin system. The return of PRA to approximate preoperative values by the fourth or fifth day postoperatively is undoubtedly related to the retention of sodium and expansion of intravascular volume. The data demonstrate that the initial elevation in PRA occurs during the period of sodium and fluid retention ( intravascular volume, both PRA and sodium excretion return toward preoperative levels. The greater retention of sodium and fluid in postoperative coarctation patients than in controls is probably the result of both a rise in plasma aldosterone, mediated through the renin angiotensin system and through a direct effect of angiotensin II on enhancement of tubular reabsorption of sodium.24 Similar suppression of the renin angiotensin system has been documented in a number of other clinical situations.'68 17 The sympathetic nervous system may also play a minor role in the second phase of paradoxical hypertension since the cold pressor test does not return to preoperative values until the fourth to fifth postoperative day ( fig. 2 ). This is further suggested by the prolonged elevation in urinary catecholamines noted by Goodall et al.10 in postoperative patients with coarctation.
Our observations not only provide evidence for the role of both the renin angiotensin system and the sympathetic nervous system in the pathogenesis of paradoxical hypertension, but they also suggest that both systems may be responsible for the development of mesenteric arteritis following surgical repair of aortic coarctation." 4Five of the seven patients with coarctation experienced significant gastrointestinal symptoms. The abdominal symptoms coincided with the period of maximal PRA, and the patients with the most severe abdominal symptoms had the highest PRAs. There is other recent clinical and animal experimental evidence for the role of the renin angiotensin system in the genesis of gastrointestinal symptoms. Adar et al. 25 have demonstrated that superior mesenteric artery flow can be reduced disproportionately, as compared to thoracic aortic flow, in normal dogs by exogenous angiotensin infusion. They also demonstrated that the disproportionate reduction in superior mesenteric artery flow that occurred during periods of reduced cardiac output caused by dehydration was associated with an increased PRA and was prevented by agents that block the action of the renin angiotensin system. Watkins et al.'8 have also shown that dogs with severe thoracic inferior vena cava constriction develop marked elevation of PRA and gastrointestinal hemorrhage while in dogs pretreated with converting enzyme inhibitor, blocking the conversion of angiotensin I to angiotensin II, the same degree of thoracic inferior vena cava constriction was associated with the same rise in PRA but no gastrointestinal hemorrhage. Sealy,' Goodall,9 and Verska,10 on the other hand, have suggested that the prolonged elevation in urinary catecholamines observed in patients after surgical resection of coarctation of the aorta was probably responsible for the mesenteric arteritis. Since McCubbin,28 Page, 27 and Kaneko28 have shown that angiotensin increases the pressor response of endogenous norepinephrine released by tyramine, it is likely that the renin angiotensin system and sympathetic nervous system may work synergistically to produce the mesenteric arteritis.
In summary, we conclude that the sympathetic nervous system is responsible for the initial phase of the paradoxical hypertension following surgical resection of coarctation of the aorta, while the renin angiotensin system plays a major role in both the second phase of the paradoxical hypertension and in the pathogenesis of mesenteric arteritis. One of the therapeutic implications of these findings is the use of converting enzyme inhibitor or angiotensin II inhibitors for the treatment of severe postoperative hypertension and for mesenteric arteritis. Additional studies and controlled therapeutic trials are needed, however, before the clinical usefulness of these drugs is established in patients with coarctation.
